Abstract-Long period fiber gratings (LPFGs) were over coated with iron (Fe) and subjected to oxidation in air and in solutions of water containing different sodium chloride (NaCl) concentrations. The formation of iron oxides and hydroxides was monitored in real time by following the features of the gratings attenuation band. Preliminary results show that Fe coated LPFGs can be used as sensors for early warning of corrosion in offshore and in coastal projects where metal structures made of iron alloys are in contact with sea or brackish water.
INTRODUCTION
The consequences of the corrosion of iron and its alloys have become a problem of worldwide significance [1] . Corrosion causes plant shutdowns, waste of resources, loss or contamination of products, reduction in efficiency, endanger safety and imposes expensive maintenance. The exploration of sea resources, such as deep sea mining and aquaculture, requires metallic structures, often made of iron alloys, which are exposed to corrosion [2] . In addition, activities such as dikes and the flooding of coastal marshland can produce brackish water pools for freshwater prawn farming. Brackish water is also the waste product of the salinity gradient power process [3] . In all these instances the control and monitoring of corrosion effects can be of critical importance.
Optical sensors based on long period fiber gratings (LPFGs) including, sensing of strain, bending, temperature, chemical analysis, vapor detection, food quality control and recognition of bacteria have been reported. A review on the fundamentals and on the main achievements obtained concerning LPFGs can be found in [4] [5] [6] and references therein.
The physical properties of LPFGs rely on coupling light from the core mode of a single mode fiber into forward propagating cladding modes which translates in the appearance of attenuation bands in the transmission spectrum at specific wavelengths. The evanescent field of the cladding modes extends to the surrounding medium enabling refractive index measurements.
Sensors based on LPFGs over coated with different metal oxides were fabricated and characterized for refractive index sensing. It was reported that oxidation of Zn, Ni, Ti, Al, and Cr into well-known oxide states can be monitored in real time by following the features of the LPFG attenuation band [7, 8] . These kind of gratings coated with metal oxides with specific properties leads to wavelength sensitivity enhancement when comparing to a bare LPFG. This work reports a preliminary study on the real time monitoring of iron thin films subjected to oxidation in air and in water with different sodium chloride (NaCl) concentrations using LPFGs in a temperature controlled environment.
II. MATERIAL AND METHODS
Long period fiber gratings inscribed in single mode fiber (SMF28e, Corning, Inc.), were produced using the electric arc technique [4] . The period of the LPFG was 399 µm, a value chosen in order to obtain the asymmetric 6th order cladding mode resonance (LP1,6) around 1.54 µm. A visibility value of ~25 dB for the LP1,6 attenuation band of the bare LPFG was reached with a sensor length of 45 ± 5 mm. Depending on the oxidation process this attenuation band can shift down to around 1.51 µm.
A 40 nm thick film of Fe was produced around the grating region by thermal evaporation of pure metal (Goodfellow, U.K.) using an electron beam evaporator (Auto 306 from Edwards Ltd, U. K.) whose chamber was kept at ~2x10 6 mbar, fitted with a 978-1-5090-5278-3/17/$31.00 ©2017 IEEE home-made rotary system in order to produce homogeneous coatings around the cylindrical fibers with a velocity of ≈5 rpm [6] . A 2 nm layer of chromium was deposited to improve of the adhesion between the silica fiber and Fe thin film.
A set of iron thin films were deposited on silicon substrates for further SEM analysis of the surface morphology (SEM model QUANTA 400 FEG, FEI, USA).
The study of the Fe oxidation in air was performed by placing the coated LPFG in a tubular oven with both ends open to allow the air circulation and the fiber was clamped in one end while the other end was kept stretched at constant tension avoiding bending effects, following the methodology described in [8] . The Fe coating was then heated at 400 ºC for 3 hours and the LPFG transmission spectrum was monitored in real time. The temperature was controlled using a thermocouple located in the middle of the heating section close to the thin film coating. The LPFGs were illuminated with a super luminescent diode source (Benchtop SLD model S5FC1550S-A2 -Thorlabs, Germany) and the transmission spectrum measured with an optical spectrum analyzer model Yokogawa AQ 6370D.
The iron corrosion in salty water was simulated by adding NaCl (Sigma Aldrich, Germany) to pure water with a ratio of 1 and 3.5 % w/w. The coated fiber was clamped using a specially designed PTFE holder to keep the LPFG in position while avoiding bending. A bare LPFG was also added to the same holder in order to monitor the interaction of the silica with the NaCl solution at a constant temperature. The holder with the fibers was then submerged in the water solution in a polyethylene (PE) chamber previously heated to 40 ºC to minimize the time of temperature stabilization ( Fig. 1) . The complete system was then positioned in an sealed oven (IFA-32, Esco, Singapore) and kept at 40 ± 0.3 ºC during the time of the experiment. The LPFG transmission spectra were recorded in real time using a FS22 SA Braggmeter (HBM FiberSensing, Portugal) working in the 1500 to 1600 nm range with 2 pm of resolution. The same procedure was performed using pure water and solutions with NaCl using both bare and Fe coated LPFG.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Oxidation in air
The 40 nm thick coating around the LPFG in the metal state was enough to act as a mirror to the evanescent field, given that part of the light was recoupled to the core of the fiber. The result is an increase in the transmitted optical power perceived as a decrease of the attenuation band when compared with the bare LPFG. When the process of oxidation in air starts, the coating reflectivity decreases and the attenuation of the cladding mode increases. This process can be observed in Fig. 2 (a) where the coated LPFG sees its bare original attenuation reduced by 4.5 dB accompanied by a redshift of about 6 nm. Increasing temperature causes the attenuation band to shift to higher wavelength due to the thermal sensitivity of LPFGs, but the attenuation preserves approximately the same value. At around 300 ºC the attenuation starts to increase, an indicator of the oxidation process, until at ~500 ºC it reaches almost the same power level of the bare LPFG. The attenuation band continues to shift to higher wavelengths due to the thermal effect as expected.
After cooling to 30 ºC the attenuation band shows an increase of only ~1 dB but exhibits a large wavelength shift (WLS) of ~24 nm (blueshift) when compared to the initial wavelength position of the Fe coated LPFG, which was predictable due to the change of the refractive index in the fiber periphery. This sensing methodology allows monitoring of specific thin metal coating and of its oxidation temperature, thus enabling the prevention of the oxidation phenomenon, acting as an early warning system. The morphology of the coating was analyzed with SEM photographs of a silicon substrate coated with 100 nm thick film of Fe presented in Fig. 3 (a) before and (b) after oxidation. Without considering few impurities, a reasonable surface uniformity of the Fe coating was obtained. On the other hand, a clear inhomogeneity and roughness is evident after oxidation adding gaps to the coating structure leading to modifications of both thickness and refractive index which causes specific changes in the optical features of the transmission signal used to estimate the oxidation process.
B. Oxidation in water
The transmission spectra shown in Fig. 4 corresponds to the LP1,6 mode of (a) bare LPFG and of (b) LPFG coated with 40 nm of Fe and immersed in a 3.5 % w/w solution of NaCl at 40 ºC up to 22 hours. Judging by the spectral characteristics of the bare LPFG, the experiment took place in isothermal conditions and the harsh solution seems to not affect the pure silica cladding. While the bare LPFG does not show either WLS or variation of the attenuation (optical power shift -OPS), the Fe coated LPFG presents a blue shift of about 19 nm and ~5 dB, respectively, for 22 hours at 40 ºC. The wavelength and the OPS behavior of the sensor with increasing NaCl concentration is presented in Fig. 5 . The bare LPFG does not present either WLS or variation of the OPS regardless the concentration of NaCl. However, for the 40 nm Fe coated LPFG, the sensitivity of the WLS and of the OPS is higher for greater NaCl concentration. In fact, for this particular sensor, after ~3 hours exposure to the highest concentration the WLS response saturates at ~16.5 nm. From the observation of Fig. 5 two outcomes can be highlighted: first, for this concentration an early warning sign of corrosion is set in less than 3 hours; and second, after this instant the sensor cannot be used in the WLS mode of operation but it may be used in the intensity mode up to ~12 hours. In addition, Fig. 5 illustrates the behavior of this type of sensors when exposed to 1.0 % w/w solution of NaCl which can be found in places where mixing of seawater with fresh water occurs, as in estuaries or in brackish fossil aquifers [9] .
A different behavior was observed, with a much slower WLS and OPS, due to the reduced NaCl concentration. For this concentration, the WLS of the sensor stabilizes after 21 hours and the OPS continues to diminish after 25 hours. The sensors immersed in pure water at 40 ºC and up to 25 hours showed no WLS. A slightly increase in the OPS (less than 0.5 dB) can be seen in Fig. 5 (b) , however this is within the experimental error. The silicon samples coated with 100 nm thick Fe films and subjected to the same conditions did not display any sign of oxidation when inspected with an optical microscope. As expected, air-free water has little effect upon iron metal [10] .
IV. CONCLUSIONS
In this work, real time monitoring of iron oxidation of iron thin films subjected to oxidation in air and in water with different sodium chloride (NaCl) concentrations was studied for a set of experimental conditions using LPFGs.
Preliminary results show that iron coated LPFGs can be used as sensors for early warning of corrosion of structures made of iron alloys.
It also can be concluded that these kind of sensing devices are suitable to real time monitoring metallic structures in offshore deployments, where the NaCl concentration is around 3.5 %w/w, and in places where mixing of seawater with fresh water occurs, as in estuaries or in brackish fossil aquifers.
